Synthesis and solid-state NMR characterization of two isomorphous series of zinc and cobalt coordination networks with 1,2,4-triazolyl benzoate ligands are reported. Both series * To whom correspondence should be addressed † Universität Leipzig, Fakultät für Physik und Geowissenschaften, Linnéstr. 
Introduction
Coordination Networks or often called Metal-organic frameworks (MOFs) have attracted tremendous attention in recent years as a new class of porous compounds. 1, 2 The dramatic increase in the number of publications in this area shows its growing interest as can be seen for instance in two reviews. 3, 4 The wide structural diversity offered by this class has high potential for various applications including gas storage, 5, 6 catalysis, 7 sensoring, 8 gas separation 9 and others, such as heat-transformation applications. [10] [11] [12] [13] They are designed from inorganic building blocks, e.g., metal ions or clusters interconnected by polyfunctional organic ligands.
Carboxylates are the most extensively studied polyfunctional organic ligands. Apart from this, ligands having a combination of both neutral donor groups such as pyridine or 1,2,4-triazoles and anionic functional groups like carboxylates are of interest 14, 15 where the coordination properties of both functional groups can be combined. 1,2,4-triazole derived ligands show promising coordination chemistry especially when substituted with certain donor groups. The synthesis of such ligands has been reported 16 and successfully applied for the preparation of novel MOFs. 17, 18 Especially MOFs with N-donor ligands show interesting properties for heterogeneous catalysis. 19 On the basis of the ligands (L1 − ) (Me-3py-trz-pba) − and (L2 − ) (Me 2 trz-pba) − (shown in Scheme 1), we analyzed two Zn based MOFs (1 and 2, structures included in Scheme 1). Additionally, we also studied mixed metal MOFs (heteronuclear MOFs) [Zn 1−x Co x (L) 2 ] (Series I and Series II) using these ligands, combining metal ions of different electron configuration. Such mixed-metal systems exhibit interesting catalytic properties. 19 The heteronuclear MOFs were prepared by partially substituting the diamagnetic Zn 2+ ions with varying amounts of paramagnetic Co 2+ ions in the full range from x = 0.02 to x = 1. Various experimental methods can be used for the structural characterization of porous coordination compounds. A better understanding of the various interactions present in the metalligand framework is inevitable to explore its potential applicability. Solid-state NMR is a versatile tool for studying the different interactions present in porous co-ordination frameworks, which is increasingly used for the characterization of structure and dynamics in these materials. [20] [21] [22] [23] [24] NMR spectra of solid samples provide information on the detailed local electronic structure of each nucleus reflected as chemical shift without the need of long-range order. Therefore, non-crystalline materials can be characterized with solid-state NMR which is increasingly used for the characterization of structure and dynamics in these materials. [25] [26] [27] Furthermore, using this method it is easy to determine the presence of small mobile molecules, while X-ray analysis is more complicated or impossible. 28 In this paper, we report on the synthesis and detailed structural elucidation of two Zn MOFs together with their corresponding protonated ligands by means of X-ray structure analysis, 1 32 which has already been proven to be a reliable tool in characterizing the NMR properties of crystalline solids. [33] [34] [35] [36] [37] [38] [39] [40] Heteronuclear MOFs with varying percentage of paramagnetic Co 2+ were also investigated with 1 H and 13 C NMR to study the influence of paramagnetic metal ions on the parent framework.
To get information about the distribution of Co 2+ in the MOF network, an analysis of 1 H T 1 relaxation times was performed.
Experimental Synthesis
The synthesis of the respective N-donor ligands was previously reported by Lässig et al. 16 While the synthesis and characterization of the coordination polymers 3 ∞ [M(Me-3py-trz-pba) 2 ] (M = Zn: 1, Zn/Co: Series I) were reported earlier, 17 To determine the actual amounts of zinc and cobalt incorporated into the MOFs, atomic absorption spectroscopy (AAS) was carried out. For this, the samples were first incinerated and afterwards diluted in nitric acid. Experiments were performed using a Varian SpectrAA 300 operating at wavelengths of 242.5 nm and 307.6 nm for cobalt and zinc, respectively. Due to the higher cobalt fraction x Co experimentally determined by AAS compared to the cobalt amount used in synthesis (cf. Table 1) , we conclude that the incorporation of cobalt is favored over zinc.
Notably, the reported synthesis procedure 17 for microcrystalline material of 1, proved to be successful only for the incorporation of small percentages of cobalt as shown in EPR studies. 17 Nevertheless, by changing the reported method by the use of DMF instead of ethanol, higher amounts of Co 2+ could be incorporated in yields ranging from 40% to 98%, depending on composition.
X-Ray Crystallography
The X-ray diffraction (XRD) data were collected on an IPDS-I (STOE) diffractometer using Mo-K α radiation (λ = 71.073 pm). 41 The structure was solved by direct methods and refined using SHELX-97. 42 The coordinates of the framework non-hydrogen atoms were refined using anisotropic displacement parameters whereas the disordered water molecules were treated isotropically. The coordinates of hydrogen atoms of the framework were calculated for idealized positions. The PXRD (powder XRD) and TD-PXRD (temperature dependent powder XRD) measurements were carried out on a STOE STADI-P diffractometer in Debye-Scherrer mode using Cu-K α1 radiation (λ = 154.060 pm). The samples for these measurements were prepared in glass capillaries (outer diameter 0.5 mm). The TD-PXRD measurements were carried out in steps of 5 • C from room temperature up to 500 • C. Thermogravimetry measurements were performed on a Netzsch F1 Jupiter thermobalance.
Solid-State NMR
Solid-state NMR measurements were carried out at two different magnetic fields, 17.6 T and 2.35
T. Experiments were performed at room temperature using 2.5 mm, 4 mm and 7 mm MAS probes. 13 C measurements: High field experiments were done on a Bruker Avance 750 spectrometer operating at a field of 17.6 T and a 13 C resonance frequency of 188.41 MHz. In order to get rid of the overlap of spinning sidebands, 13 C CPMAS 43 spectra were acquired together with the TOSS (TOtal Sideband Suppression) sequence. 44 The spinning frequency was 10 kHz and contact times of 100 µs and 1 ms were used to differentiate protonated and non-protonated carbon signals. For cross-polarization a ramped pulse 45 Spectral editing experiments using non-quaternary suppression (NQS), 46 with two dephasing delays of 37 µs each within an echo sequence spanning two rotor periods helped in assignment.
All measurements were done with high power 1 H decoupling using two pulse phase modulation (TPPM). 47 The π 2 pulse lengths were about 3.6 µs at 12.5 kHz and 1.4 µs at 25 kHz MAS. For the paramagnetic samples, since the uniform excitation of the full spectrum is hard to achieve with a single pulse, a frequency-stepped acquisition was performed. Therefore, for both static and MAS experiments (10 kHz spinning frequency), Hahn-echo 49 spectra with a 90 • pulse length of 3.2 µs were measured at two different excitation frequencies of 104 kHz and -104 kHz from the center of the main resonance and the full spectrum obtained by summing up the individual sub-spectra. 30 double quantum experiments were performed using a 2.5 mm probe at a spinning frequency of 30 and 26 kHz for 1 and 2, respectively. 128 points were collected in the indirect dimension with 16 and 64 scans and recycle delays of 1 s and 3 s for 1 and 2, respectively.
During excitation and reconversion the back-to-back (BABA) scheme was used which recouples the 1 H-1 H dipolar coupling. π 2 pulses were 1.6 µs and recoupling over one rotor period was used. The z-filter delay was 20 µs. For pure-absorption spectra, the TPPI scheme was used. 50 Static 1 H T 1 relaxation measurements were performed at a magnetic field of 2.35 T and a frequency of 100.13 MHz using a Tecmag Apollo spectrometer. The inversion recovery sequence 51 with π 2 pulse lengths of 2.0 µ and 2.75 µs for 1 and 2, respectively, was used. The sequence was combined with DEPTH 52 detection to remove probe background signal. The samples were packed in a 7 mm MAS rotor used under non-spinning conditions. The lower magnetic field was chosen for the relaxation measurements since in this case uniform excitation was possible.
All 1 H spectra were referenced to TMS using a sample of PDMS as secondary reference (0.07 ppm from TMS).
First-Principles NMR Calculations
Geometry optimizations and chemical shift calculations were carried out within the Density Functional Theory (DFT) framework using the CASTEP (Cambridge Serial Total Energy Package) software. 32 CASTEP uses planewave basis sets to describe the wavefunctions (it thus has an implicit translational symmetry) and is very well adapted to the description of solid crystalline systems. The GIPAW (Gauge-Including Projector Augmented Waves) method, 31 used with ultrasoft pseudo-potentials, 53, 54 provides an efficient method for calculating chemical shifts in crystalline solids. 55 The geometry optimization of the X-ray determined structure and the calculation of NMR parameters were carried out using generalized gradient approximation (GGA) with PBE exchange correlation functional 56 and Vanderbilt-type pseudo-potentials. 54 Only the proton positions were relaxed during the geometry optimization, keeping both the unit cell and all the other atoms fixed to their X-ray determined positions. For the geometry optimization, a plane-wave cutoff energy of 800 eV and a Monkhorst-Pack grid of k-points 57 spacing of 0.05 Å −1 in reciprocal space were used. The NMR calculations were done on the proton-optimized structure using a higher cutoff energy of 1000 eV and a k-point sampling of 0.05 Å −1 . A higher cutoff energy was used for the NMR calculations due to the slower convergence of NMR parameters compared to the electronic structure convergence. In order to compare directly with experimentally measured isotropic chemical shifts, the calculated chemical shieldings were then converted into calculated chemical shifts, δ calc using the relation, δ calc = σ re f − σ calc . The value of σ re f was determined with a linear regression between calculated and experimental shifts, imposing a slope of unity, where shifts and shielding were simply sorted by ascending and descending order, respectively. This procedure leads to a 13 C reference value of 169.65 ppm, which was then used to determine the computed chemical shifts.
Results and Discussion

X-ray Diffraction Studies
Whereas the isomorphous Zn (1) and Zn/Co MOFs of Series I crystallize in the non-centro symmetric monoclinic space group P c (no. 7) with two formula units per unit cell, the coordination polymer 2 crystallizes in the non-centrosymmetric orthorhombic space group P ca2 1 (no. 29) with four formula units per unit cell. The atomic coordinates of 1 can be found in ref. [17] , those of 2 are reported in Supplementary Table S 3. The formula units correspond to the asymmetric units in the crystal structures and consist of one metal ion, Zn 2+ or Co 2+ , and two ligand anions (Me3py-trz-pba) − or (Me 2 trz-pba) − , respectively. In addition, the asymmetric unit of 2 contains 1.5 non-coordinated water molecules and one DMF molecule. The Zn 2+ ions in 1 and 2 possess coordination spheres in the transition from trigonal bipyramidal to square pyramidal (see Figure 1 ).
Selected bond lengths and angles of 1 and 2 are given in Supplementary Table S 2. The topology of both series is the one of the commonly observed diamondoid network (dia, point symbol {6 6 }), which was determined using the program TOPOS 4.0. 58 The porosity of these compounds is reduced by fourfold interpenetration (type la). 59 The phase purity of the as-synthesized materials was proven by powder X-ray diffraction. The A doubling of MOF resonances with respect to the protonated ligand is clearly evident from the 13 C CPMAS spectra (see Figure 3) . As reported before, 60, 61 this is due to the different relative orientation of the two ligands in the asymmetric unit of the respective crystal structures. For example, in the coordination polymer 1, the carboxyl group of the ligand L1 − is coordinated to the Zn 2+ ion in a monodentate, in the second ligand in a bidentate mode. The torsion angle be- ligand. These numbers are summarized for the most significant carbon atoms in Table 2 . The carboxyl carbon (C-1) is found to be most sensitive to metal coordination 60, 62, 63 in both
MOFs. While incorporated into 1, this signal gets shifted downfield by 5.7 ppm and 6.3 ppm which clearly corroborates the metal binding via the carboxyl group, however, for 2 the effects are somewhat smaller. The shift difference for C-1 also induces a shift effect on the neighboring carbon C-2 as well.
A large ∆δ value has also been observed for carbon C-9 of the triazole ring, implying the effect of metal coordination through its nearby nitrogen atom. However, this value being smaller than that of C-1 predominantly refers to a relatively larger metal-carbon distance 64 In order to get more information from the 1 H spectra, we combine the information from the calculated values are given in the supplementary information, FSLG-HETCOR spectrum, all expected correlation signals can be found. Especially, at least three correlation peaks between the aromatic and methyl region can be identified, corresponding to the protons H4 and H6 from the aromatic ring (compare Scheme 1 for through-space distances). H12
shows no correlation peak, as expected. This can be seen, however, only at lower magnification of the 2D plot (not shown). Due to short excitation and reconversion times, intermolecular crosspeaks between the interpenetrated networks are not observed in the 2D BABA experiment. The results show, that 2D BABA experiments can be well used to identify the proton shifts by their coupling scheme.
Heteronuclear MOFs
The presence of traces of paramagnetic impurities in the sample has various effects on NMR spectra such as unusual chemical shifts, dramatic line broadening and shortening of relaxation times.
The hyperfine interaction 66 is responsible for the unusual chemical or paramagnetic shifts, the size of which is often hard to predict and can lead to shifts of up to 1000 ppm for 13 C.
Since magic angle spinning removes only the isotropic part of the magnetic susceptibility, contributions from the anisotropic bulk magnetic susceptibility and short T 2 also lead to the broadening of resonances. The demagnetizing fields created, e. g., at grain boundaries, influence neighbouring spins and hence these orientation-dependent local fields cause a dispersion of chemical shifts and result in broadening of NMR resonances. This phenomenon has been investigated in the pioneering works by Lippmaa and VanderHart. 67, 68 Additionally, the presence of large magnetic susceptibilities in the sample even produces a large manifold of spinning sidebands in MAS spectra, 69, 70 which can be analyzed in a similar way as chemical shift anisotropy.
The combined effects of hyperfine interaction and anisotropic magnetic susceptibility limit good spectral resolution in our samples, both for 1 H and 13 C spectra (see discussion below). Nevertheless, NMR relaxation measurements can be used to analyze the dynamics and distribution of paramagnetic centers in the matrix of diamagnetic ions. 71, 72 It is noteworthy to point out the improvements in the detection and resolution of 1 H and 13 C signals in paramagnetic systems using fast magic-angle spinning by Ishii and et. al. [73] [74] [75] Effect of Paramagnetic Co 2+ on the 13 C and 1 H NMR Spectra
For the demonstration of the influence of paramagnetic Co 2+ on the NMR measurements, both 13 C and 1 H spectra were recorded. Figure 6 exemplifies the 13 for Series II).
In contrast to the diamagnetic MOF 1, the corresponding paramagnetic analogues have a rather low resolution due to broadening by the paramagnetic cobalt ions, with the isotropic shifts being unchanged. Different efficient decoupling sequences 76, 77 were applied to improve resolution, but they showed no improvement. Also higher spinning frequencies (>25 kHz) with or without decoupling did show no improvement as for instance observed for copper containing samples. 73 In our cobalt-containing samples the couplings are probably much stronger due to the higher number of unpaired electrons. Contrary to reports on NMR of paramagnetic systems, 78 here by no means any additional carbon shifts were detected, but only severe line broadening is observed. Our current explanation is that we cannot detect those 13 C spins in direct vicinity of Co 2+ which might have either shifted to some totally unpredictable range or more probably are severely broadened to be indistinguishable from the baseline. 79 The line broadening of the remaining 13 C spins next to Zn 2+ then indicates reduction in T 2 or T * 2 due to the presence of nearby cobalt ions, thus indicating the formation of a heteronuclear Co/Zn MOF. more precisely, we calculated the corresponding slopes by omitting the value at x Co = 0.25 by a linear fit. The slopes are found to be almost the same in range I being 40% smaller than those in range II. This lets us conclude that the line broadening is strongly influenced by the bulk magnetic susceptibility 68 originating from the paramagnetic ions shows no preference to functional groups.
The broadening effect is enhanced in condensed aromatic systems which probably can be explained by stronger electron-electron interactions between the cobalt electrons and the π-electron systems of the aromatic and triazole rings.
1 H 1D spectra and 1 H T 1 relaxation experiments can also be used to monitor the influence of paramagnetic Co 2+ in the MOF lattice. 1 H MAS and static spectra for all samples were collected at 17.6 T, as illustrated for the MAS spectra of Series I in Figure 8 . Without cobalt, the spectrum shows individual resonances followed by a narrow side band pattern due to homonuclear 1 H-1 H dipolar coupling. However, with increasing cobalt content in the isotropic region only one signal can be resolved. Additionally, a wide side band pattern extending up to 490 kHz is visible as a result of the inhomogeneous electron-nucleus dipolar interaction. 69 The 1 H static linewidths (FWHH = full width at half height) recorded at two magnetic fields are shown as a function of cobalt content in Figure 9 . A steady increase in line width with increasing cobalt content is observed, with the effect being larger at higher field. This observation is supported by the literature, 67 where it has been shown that the major contribution to the line broadening comes from the electron-nuclear interaction, which has been shown to be linear dependent on magnetic field. We note that for sample x Co = 0.09 and 0.17 for Series I at 17.6 T the 1 H linewidth is slightly smaller than at 2.35 T. We assign this to experimental uncertainties that do not contradict the general observation.
Influence of Co 2+ on the 1 H spin-lattice relaxation time
The influence of paramagnetic ions on the proton relaxation times has been studied by several authors. [80] [81] [82] It is the fluctuating electron magnetic moments of paramagnetic centers that affect the nuclear relaxation. Protons in the immediate vicinity of Co 2+ ions (high-spin) are directly influenced, in fact their longitudinal relaxation time gets severely shortened and we assume that we can't measure their short spin-lattice relaxation time. 82 These protons act as relaxation sinks that influence the relaxation behaviour of other distant protons via efficient spin diffusion. Therefore, the measured T H 1 is the average relaxation time of all the protons together.
There are two different possibilities for the distribution of Co 2+ in the host framework: either it forms Co 2+ -rich domains separated from Zn 2+ -rich ones or both metal ions are distributed uniformly and only one domain can be identified. In the first case, two relaxation rates would be expected for Zn 2+ and Co 2+ domains separately, while in the second case only one.
All the relaxation curves obtained could be well fitted with a single exponential function. The relaxation times are found to be strongly influenced by the paramagnetic Co 2+ , with larger effect at higher cobalt concentration. The paramagnetic contribution to the proton T 1 can be calculated using the sum-of-rates equation 71 as,
where T The former is calculated from the known metal-metal distances from the crystal structure and the relative content of cobalt. This indicates a uniform distribution of cobalt within the MOF framework because the average distance between cobalt centers as a source of relaxation decreases with increasing cobalt content. For cobalt contents higher than 50 %, the minimum cobalt-cobalt distance is constant since the first two metal neighbors have equal distance in the crystal structure.
Clearly, the presence of more cobalt atoms influences the 1 H relaxation even further but cannot be expressed from the minimum cobalt-cobalt distance. However, the analysis of 1 H spin-lattice relaxation times indicates that for the whole range of cobalt concentrations, a uniform distribution of zinc and cobalt metal centers is present.
Conclusions
The crystal structures of two series of isomorphous MOFs have been determined. 1 H and 13 C chemical shifts of both series of Zn MOFs are reported and compared to their corresponding protonated ligands. The effect of metal coordination is monitored by changes in the chemical shifts of those carbon atoms participating in the metal coordination which is as large as 6.3 ppm. 13 C assignments were achieved by combining the different methods spectral editing, heteronuclear correlation spectra as well as CASTEP calculations for 1. The two ligand molecules in the asymmetric unit give rise to one signal set each that is clearly documented in the 13 C spectra.
The assignments of 1 H chemical shifts was done based on the 1 H projections from the FSLG-HETCOR experiments and CASTEP calculations for 1. These were verified by the 2D double quantum BABA spectra that identify close couplings between different protons. Rather high (9.3 ppm) and low (5.0 ppm) shifts for aromatic protons are observed that agree with the calculations and can be explained, e. g., by ring current effects of the interpenetrating networks.
In two series of heteronuclear MOFs, the incorporation of paramagnetic Co 2+ into the MOF structure being able to replace the Zn 2+ ion in the full range of concentrations is documented by an increased line width in the 1 H and 13 C NMR spectra. Furthermore, a correlation of the paramagnetic contribution to the 1 H spin-lattice relaxation time with the minimum Co-Co distance was obtained which corroborates a uniform distribution of Co 2+ and Zn 2+ in the MOF structure.
With this contribution, we have documented that combination of different solid-state NMR techniques show excellent agreement with predictions of chemical shifts based on X-ray structures and DFT calculations). Though this probably has to be verified on other MOF materials, we expect that in the future solid-state NMR can be used as a standard technique for the characterization of MOFs, especially for those with low crystallinity or even those lacking crystallinity. These materials might still show excellent properties for different applications. We will orient our efforts in this direction.
